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ABSTRACT  
Engineering the energetics of perovskite photovoltaic devices through the deliberate introduction 
of dipoles to control the built-in potential of the devices offers the opportunity to enhance their 
performance without the need to modify the active layer itself. In this work, we demonstrate how 
the incorporation of molecular dipoles into the bathocuproine (BCP) hole-blocking layer of 
inverted perovskite solar cells improves the device open-circuit voltage (VOC) and consequently, 
its performance. We explore a series of four thiaazulenic derivatives that exhibit increasing dipole 
moments and demonstrate that these molecules can be introduced into the solution-processed BCP 
layer to effectively increase the built-in potential within the device, without altering any of the 
other device layers. As a result the VOC of the devices is enhanced by up to 130 mV with larger 
dipoles resulting in higher VOCs. To investigate the limitations of this approach, we employ 
numerical device simulations that demonstrate that the highest dipole derivatives used in this work 
eliminate all limitations on the VOC stemming from the built-in potential of the device.  
INTRODUCTION 
Lead halide perovskite solar cells have demonstrated remarkable improvements in performance 
over the last decade, reaching over 25 % power conversion efficiency (PCE) to date.1 Significant 
efforts have been dedicated to optimizing the perovskite active layer, with particular emphasis on 
film composition,2–5 microstructure6–8, and reduced defect density.9,10 Complementing these 
efforts are improvements in charge extraction layers with a wide range of materials being explored 
up to now, such as organic polymers,11–13 small molecules14–16 and metal oxides.17–19 It has been 
shown that both the mobility and the energetic alignment of the charge extraction layers and the 
perovskite active layer may influence the final device performance,20 in particular the open-circuit 
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voltage of the device. One of the key challenges in optimizing charge extraction layers originates 
from the need to preserve the high quality of the perovskite active layer. For instance, it has been 
shown that the surface energy of the layer, on which the perovskite film is formed, strongly 
influences its microstructure, electronic structure, and composition.21,22 As a result, by attempting 
to change the extraction layer, the active layer may suffer and the overall performance be reduced. 
Similarly, extraction layers that are deposited from solution on top of the perovskite film should 
wet the active layer surface and form a homogeneous high-quality film without interfering with 
the perovskite microstructure or surface structure.23 To avoid these challenges in device 
optimization, it is interesting to explore routes to enhance device performance, which do not 
directly influence neither the active, nor the extraction layers in the device. One such approach 
focuses on the modification of the extraction layer/electrode interface. While such modifications 
have been explored in both standard24–26 and inverted architecture devices,27–29 the latter received 
more research attention. In particular, in inverted devices that employ Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) as a bottom hole-extraction layer 
and [6,6]-Phenyl-C61-butyric acid methyl ester (PC61BM) as an electron extraction layer, early 
works have shown that there is a need to introduce a hole-blocking layer (HBL) between the 
PC61BM and the metal electrode in order to achieve a high fill factor.30 While a range of other 
materials such as ZnO nanoparticles,31 TiOx,30 and the bispyridinium salt FPyBr32 have been 
investigated as HBLs in p-i-n perovskite solar cells, bathocuproine BCP remains the most 
ubiquitously used HBL in such devices33–37. 
Recently, we and others have demonstrated that replacing the BCP layer with a material that 
introduces a dipole can result in an enhancement of the VOC of the device, provided that the 
material is still effective in hole-blocking in order to preserve the high fill factor.38,39 This approach 
 4 
is somewhat limited as only certain materials can satisfy both conditions. Additionally, the 
relationship between dipole moment of the molecules and the expected increase in VOC remains 
unexplored. 
In this work, we demonstrate that molecular dipoles can be embedded into the BCP layer via 
simple processing from solution without modifying the overall device structure. We investigate 
four thiaazulenic derivatives, which were synthesized to exhibit increasing dipole moments. These 
molecules increase the built-in potential of the device by introducing a dipole at the 
PC61BM/electrode interface. Since the molecules are embedded within BCP, effective hole-
blocking is still maintained, securing a high fill factor and short-circuit current. Overall, the VOC 
of the devices and consequently their efficiency increases gradually with increasing dipole 
moment.  Finally, to investigate the limitations of this method, we performed device simulations 
that suggest that the maximum possible enhancement of VOC with this method has been achieved, 
using the thiaazulenic derivatives with the highest dipole moment. 
 
RESULTS AND DISCUSSION 
Synthesis and characterization of thiaazulenic derivatives. 
The four thiaazulenic molecular dipoles (denoted in the following as TZ-1 to TZ-4) were 
synthesized according to Scheme 1. The thiaazulenic core unit is the result of a cyclizing aldol 
condensation of 3,4-thiophenedicarbaldehydes (1-3) with 1,3-substituted acetone derivatives. 
Subsequent iodination of 4 furnished compound 5, while 6 was obtained after reversed reaction 
order from 1 over 2 to 6 due to the reactive thiophene (Th) substituents. TZ-3 was prepared by 
first generating 2,5-dimethoxythiophene-3,4-dicarbaldehyde (3) followed by condensation with 
1,3-difluoroacetone. Stille coupling of the literature known ethyl derivative 740 with 2-
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(trimethylstannyl)-3,4-ethylenedioxythiophene furnished TZ-1 in good yields. The remaining 
thiophene trimers TZ-2 and TZ-4 were synthesized in the same manner after Pd-catalyzed 
coupling with 3-hexyl-5-(tributylstannyl)thiophene. The materials were characterized by standard 
methods with the results shown in Figures S1-S6 and Tables S2-S5 in the Supplementary 
Information.  
To evaluate the dipole moment of the TZ molecules, molecular electrostatic potential maps were 
calculated based on their chemical structure (Figure 1). The molecules consist of the thiaazulenic 
core with donor groups (3,4-Ethylenedioxythiophene (EDOT), 3-hexylthiophene, OMe) in 2 and 
5 position of the electron rich thiophene and substituents on the electron poor tropone unit that 
particularly strongly influence the strength of the dipole moment. In TZ-1, the ethyl groups as 
weak donors at the tropone unit and the EDOT groups in the calculated conformation are the reason 
for a realtively low dipole moment of 1.96 D.  By replacing both the EDOT and the ethyl 
substituent with 3-hexylthiophene and thiophene, respectively (TZ-2), the dipole is slightly 
increased to 3.75 D. The highest dipoles are observed for the TZ-3 and TZ-4 derivatives in which 
strongly electronegative substituents (F, CO2Me) increase the dipole moment to 9.16 D and 10.86 
D, respectively. These very high values are in the range of previously reported small molecules 
with ultrastrong dipole moments.41 
The TZ materials are soluble in low concentration (e.g. 0.5 mg/ml) in isopropanol making it 
possible to dissolve them in the BCP solution used for solar cell fabrication. Mixed layers of 
BCP:TZ were spin-coated on top of the PC61BM electron extraction layer. The incorporation of 
the molecules was confirmed by X-ray photoemission spectroscopy (XPS) measurements based 
on the S2p signal from the thiophene units of the TZ molecules with the lowest signal of TZ-3 
without additional thiophene-substituents (Figure S7). The surface energies of PC61BM/BCP:TZ 
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films were investigated with contact angle measurements (Figure S8). We observe a trend towards 
lower contact angles for higher dipole moments, which indicates that the TZ molecules are 
incorporated into the BCP HBL and are at least partly aligned, resulting in the formation of an 
effective dipole moment.42 The morphology of the mixed HBL was investigated by atomic-force 
microscopy (AFM). The AFM micrographs (Figure 2) show that the microstructure for all four 
derivatives of TZ embedded in BCP is similar to that of reference bare BCP layer. This suggests 
that the TZ molecules do not undergo strong aggregation within the BCP layer and do not form 
separate domains. Instead, it is likely that the molecules are mixed within the BCP layer in a fairly 
uniform manner and therefore should not hinder the hole-blocking properties of the BCP layer. 
To investigate the influence of the TZ molecules on the energetic alignment with the silver 
electrode, ultra-violet photoemission spectroscopy (UPS) measurements were performed on 
PC61BM/BCP:TZ layers. The difference between the work functions (WF) measured on the neat 
BCP and the mixed BCP:TZ layers is shown in Figure 3a. It can be seen that the work function 
of the BCP layer is gradually increasing in an overall good agreement with the calculated dipole 
strength of the TZ molecules. This increase in work function will result in an increase in the built-
in potential of the device, and should therefore increase its VOC. The underlying mechanism is 
depicted in Figure 3b. A dipole introduced by the TZ molecules leads to an upward shift of the 
vacuum level and thus increases the work function of PC61BM/HBL films. The shift of the vacuum 
level effectively decreases the work function at the cathode side of the device with respect to the 
active layer vacuum level, leading to an overall higher built-in potential.  
Photovoltaic performance. 
The effect of an increased built-in potential on the VOC was investigated employing a 
photovoltaic device architecture as depicted in Figure 4a with methylammonium lead triiodide 
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(MAPbI3) as the active layer. The microstructure and crystallinity of the MAPbI3 layer without 
extraction layers and electrode was characterized by X-ray diffraction (Figures S9a), confirming 
the high quality of the perovskite active layer. Scanning electron microscopy revealed that the 
active layer consists of densely packed perovskite grains that protrude through the entire thickness 
of the film (Figure S9b). The TZ molecules were incorporated within the BCP layer that was 
deposited on top of the PC61BM electron transport layer. Figure 4c shows current density–voltage 
(J–V) curves for representative photovoltaic devices, measured in the dark. A significant shift of 
the “knee” position of the curves to higher voltages for increasing dipole moment indicates an 
enhancement of the built-in potential because flat band conditions are matched at higher voltages. 
To investigate if this trend is maintained under illumination, J-V curves were measured under AM 
1.5 G simulated 100 mW cm-2 sunlight. The J-V characteristics for optimal devices (meaning here 
devices of optimal VOC) are shown in Figure 4d with the corresponding external quantum 
efficiency curves shown in Figure S10. As expected, the VOC rises with increasing dipole moment 
to a maximum value of 1.09 V for BCP:TZ-3 and BCP:TZ-4 HBLs which represents an increase 
of 130 mV when compared to the optimal reference device with only BCP as HBL. We note that 
although the average work function shift of TZ-3 is only 0.1 eV larger than that of TZ-2 (Figure 
3a), the VOC of TZ-3 (1.09 eV) is noticeably higher than that of TZ-2 (1.02 eV). It is possible that 
this originates from an error associated with UPS measurements, or slight sample-to-sample 
variation between the photovoltaic devices and samples for UPS characterization. The qualitative 
trend, however, is maintained, with larger molecular dipoles resulting in higher VOCs. 
Equally important, the short-circuit current (JSC), the fill factor (FF) and the overall shape of the J-
V curves is maintained when incorporating the thiaazulenic compounds. This confirms that the 
hole-blocking properties of BCP are unaffected by the incorporation of TZ molecules since 
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otherwise the FF of the devices would decrease and the devices show an S-shape as previously 
reported for devices without HBL.43 This is also confirmed by UPS measurements that 
demonstrate that the valence band structure of the BCP:TZ layers is comparable to that of neat 
BCP (Figure S11). The photovoltaic parameters for both reverse and forward scans of the devices 
are listed in Table 1. It is noteworthy that all of the J-V curves show a rather low hysteresis as it 
is expected for devices with a PC61BM electron extraction layer. An overview of the performance 
data over a total of 40 devices is shown in Figure 5, confirming the reproducibility of this 
approach. A maximum power conversion efficiency of 18.8 % was achieved for a device with 
BCP:TZ-4 as HBL yielding a VOC of 1.07 V. The average VOC for devices employing BCP:TZ-3 
and BCP:TZ-4 as HBL (Figure 5a) is very similar suggesting that a maximum improvement was 
already achieved with BCP:TZ-3.  
 
Numerical simulations. 
To confirm our experimental results as well as to probe the limitations of this method we 
employed numerical device simulations.44 Such simulations are based on solving numerically the 
drift-diffusion and Poisson equations in the perovskite solar cell with energy level diagrams as 
shown in Figure S12, in which the change in WF (WF) at the BCP:TZ layer has been varied from 
0 eV (representing the near BCP case) to 0.5 eV in steps of 0.1 eV. Table S1 summarizes the other 
parameters used for the simulation. In Figure 6a all simulated J-V curves for different WFs are 
shown. Similar to the experimental J-V data, shown in Figure 4d, an increase in VOC is observed 
with an increasing WF/dipole moment while JSC and FF remain rather constant leading to an 
overall improvement of the PCE. Figure 6b summarizes the increase in VOC - with respect to the 
reference device - against an increase in WF. The results suggest a trend, in which beyond a 
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certain point a further increase in WF no longer improves the VOC. We note that the device 
simulations suggest a possible increase of only about 80 mV, however, this absolute value depends 
on the simulation parameters, while the overall observed trend does not. The similarity in the trend 
of both theory and experiment suggests that the VOC plateau, reached for devices with BCP:TZ-3 
and BCP:TZ-4, represents a limit to the maximum obtainable VOC increase obtainable using this 
method. As a result, further increasing the built-in potential cannot improve the device VOC since 
other effects such as e.g. bulk and surface recombination become more dominant45–48. 
Nevertheless, an increase of 130 mV in VOC is a significant improvement, which might also be 
applicable for other perovskite devices 49–51.  
It is important to note that the built-in potential in perovskite solar cells does not represent a hard 
limit on the VOC52. For instance, blocking layers can recover the loss due to a low built-in potential 
through electrostatic band bending that farther separates the electrode energies beyond the built-
in potential53. However, this recovery mechanism does not completely compensate for these losses 
leaving space for further improvements through band engineering39,54. The saturation of the VOC 
in both experimental (Figure 5a) and simulation (Figure 6b) results suggests that the limitations 
by built-in potential can be fully eliminated if sufficiently large dipoles are introduced in the device 
hole-blocking layer. 
 
 
 
Conclusion. 
In this work we investigated the effect of introducing thiaazulenic molecules with a dipole 
moment into the BCP hole-blocking layer of MAPbI3 solar cells without altering the overall device 
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structure. We demonstrated that the work function of PC61BM/HBL can be systematically 
increased by introducing molecules with increasing dipole moment, leading to an increase of the 
built-in potential in the final device. Consequently, the VOC improves for higher dipole moments, 
yielding an impressive increase of up to 130 mV. A maximum VOC of 1.09 V could be realized 
with this technique, a value compatible with devices employing PTAA55–57 or NiOx58–60 as hole 
transport layers. This finding confirms that the controlled embedding of dipole molecules within 
the hole-blocking layer can compensate for the lower work function of hole transport layers such 
as PEDOT:PSS and eliminate the limitations to the VOC that stem from it. Finally, numerical device 
simulations reveal that the maximum possible improvement of the VOC is achieved with the high 
dipole moment molecules TZ-3 and TZ-4.  
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FIGURES 
 
Scheme 1. Synthesis of thiaazulenic dipole molecules TZ-1-4. i) I2, PhI(CF3COO)2, DCM, rt; ii) 
NaOMe (25%), CuCl, HCOOH, MeOH, 120°C; iii) NBS, CCl4, rt; iv) 1.n-BuLi, DMF, 2. t-BuLi, 
DMF, 3. HCl, Et2O, −78°- rt.  
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Figure 1. Molecular electrostatic potential maps of the four thiaazulenic derivatives with red 
indicating strongly and blue weakly electronegative parts of the molecules. 
     
    
    
Figure 2. Atomic force microscopy images of BCP and BCP:TZ films in ascending order of their 
dipole moment. All films exhibited a similar RMS roughness value in the range of 1-1.4 nm. 
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Figure 3. (a) Work function evolution of PC61BM/BCP:TZ films with respect to bare 
PC61BM/BCP films as a function of their dipole moment and (b) schematic illustration of the 
underlying mechanism that leads to an increase in built-in potential. 
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Figure 4. Photovoltaic performance of devices with either BCP or BCP:TZ hole-blocking layers. 
(a) Schematic PV device structure (b) BCP and TZ molecules 1-4 c) J-V curves of representative 
devices measured in the dark (d) J-V curves of optimal devices measured under AM1.5 
illumination. 
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Table 1. Photovoltaic parameters of optimal MAPbI3 devices with either BCP or BCP:TZ HBLs. 
FS and RS represent scanning direction from JSC to VOC and VOC to JSC, respectively. 
 
Figure 5. (a) VOC, (b) JSC, (c) FF and (d) PCE of 40 photovoltaic devices with BCP:TZ layers and 
reference BCP only devices.  
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Figure 6. (a) Simulated J-V-Curves for different work function shifts and (b) corresponding 
increase in VOC from the simulation results with respect to no dipole moment. 
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EXPERIMENTAL METHODS 
Materials: Methylammonium iodide (CH3NH3I) was purchased from GreatCell Solar. PEDOT: 
PSS was purchased from Heraeus Deutschland GmbH&Co and PC61BM (99.5%) was purchased 
from Solenne BV. All other materials were purchased from Sigma-Aldrich and used as received.  
Photovoltaic Device Fabrication: Pre-patterned indium tin oxide (ITO) coated glass substrates 
(PsiOTech Ltd., 15 Ohm/sq) were ultrasonically cleaned with 2 % hellmanex detergent, deionized 
water, acetone, and isopropanol, followed by 8 min oxygen plasma treatment. PEDOT:PSS 
prepared based on the previous report12 was spin coated on the clean substrates with 4000 rpm 30 
s and annealed at 150 °C for 15 min. A lead acetate trihydrate MAPbI3 recipe17 was used for 
forming the MAPbI3 perovskite layer, in detail the perovskite solution was spin coated at 2000 
rpm for 60 s in a dry air filled glovebox (RH < 0.5 %). After blowing 25 s and drying 5 min, the 
films were annealed at 100 °C for 5 min forming a black and uniform perovskite layer. The 
prepared samples were transferred to a nitrogen filled glovebox, PC61BM (20 mg/ml dissolved in 
chlorobenzene) was dynamically spin coated at 2000 rpm for 30 s on the perovskite layer followed 
by a 10 min annealing at 100 °C. Sequentially either BCP or a blend of BCP and the thiaazulene 
derivatives at a 1:1 weight ratio (0.5 mg/ml dissolved in isopropanol) was spun on the PC61BM, 
forming a thin layer of around 5 nm. To complete the device, 80 nm silver was deposited via 
thermal evaporation under high vacuum. 
Photovoltaic Device Characterization: The current density-voltage (J-V) was measured by a 
computer controlled Keithley 2450 Source Measure Unit under simulated AM 1.5 sunlight with 
100 mW cm-2 irradiation (Abet Sun 3000 Class AAA solar simulator). The light intensity was 
calibrated with a Si reference cell (NIST traceable, VLSI) and corrected by measuring the spectral 
mismatch between the solar spectrum, the spectral response of the perovskite solar cell and the 
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reference cell. The mismatch factor was calculated to be 10 %. The cells were scanned from 
forward bias to short circuit and reverse at a rate of 0.25 V s-1 by employing a mask to eliminate 
the overestimate of the photocurrent. 
UV-vis absorption: The spectra of the thiaazulene molecules were measured in solution using 
isopropanol as the solvent. The UV-vis spectra were measured at room temperature with a Jasco 
UV-Vis V670 spectrometer. 
Ultra-violet Photoemission Spectroscopy (UPS): Ultra-violet photoemission spectroscopy 
measurements were performed on BCP/PC61BM and BCP:TZ/PC61BM films to characterize their 
work function. The samples were transferred to an ultrahigh vacuum (UHV) chamber of the PES 
system (Thermo Scientific ESCALAB 250Xi) for measurements. UPS measurements were carried 
out using a double-differentially pumped He discharge lamp (hν = 21.22 eV) with a pass energy 
of 2 eV and a bias of -10 V. 
Atomic Force Microscopy (AFM): AFM (Bruker MultiMode) was performed in ScanAnalyst 
mode in air with silicon tips (Bruker NTESPA) to study the surface morphology of the reference 
BCP and BCP:TZ  films. 
Contact Angle Measurements: Contact angle measurements were performed using a Ramé-Hart 
260 goniometer with an automated dispensing system for water. A water droplet was created and 
placed on the substrates. The sessile drop was imaged and the contact angle was extracted using 
the Ramé-Hart DROPimage Advanced software. 
Scanning Electron Microscopy (SEM): SEM was performed using a Jeol M-7610F FEG-SEM. 
Perovskite films were mounted on brass SEM holders using conductive carbon tape and liquid 
silver paste to avoid sample charging. Top View images were recorded at 1.5 kV with the low in 
chamber secondary electron detector (LEI) to image mainly the topography of the sample. Cross-
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section images were taken from devices cut in half at 5.0 kV with an ‘in-lense’ equivalent detector 
(SEI), collecting a combination of secondary and backscattered electrons. 
X-ray Diffraction: The MAPbI3 active layer on glass/ITO/PEDOT:PSS-Na were characterised 
using a Rigaku Smart Lab diffractometer with a rotating copper anode (9 kW, 45 kV, 200 mA) 
equipped with a 2D HyPix3000 detector (with a 0.2 mmf collimator) in a coupled theta-2theta 
scan. Diffraction maps were integrated to obtain a 1D-diffraction profile and background (empty 
glass/ITO substrate) corrected using the Rigaku 2DP software. 
Device Simulation: A previously developed model that includes the contributions of charges and 
ions has been used to simulate the influence of incorporating the TZ derivatives into the BCP 
HBL.44 Further details are provided in the Supplementary Material. 
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